The interesting discovery reported here that soluble adenovirus serotype 5 (Ad5) fiber proteins enter cells without the virus was a serendipitous result during our development of Ad5 capsid proteins as nonviral gene transfer vectors. The Ad5 capsid fiber and penton proteins mediate infection. The fiber docks to a noninternalizing cell surface protein called the coxsackievirus-Ad receptor (CAR), followed by penton binding to integrins, triggering integrin-mediated endocytosis of the virus. In our previous work, we assembled the nonviral complex, 3PO, which utilized the penton to mediate gene transfer through integrin binding and endocytosis. Here, we tested whether incorporating the fiber targets 3PO to CAR, thus recapitulating the Ad5 infection pathway. As CAR is not an endocytic receptor, we were surprised to find that the fiber alone, without the penton, enabled gene transfer by binding CAR, but internalizing through an unknown mechanism. We show here that the fiber distributes to the nucleus and cytoplasm after temperature-independent uptake, whereas the penton accumulates around the nucleus after temperature-dependent uptake. Fiber uptake by HeLa cells is also actin-dependent, requires the fiber tail/shaft region, and is largely inhibited by heparin. This study raises the possibility that alternative pathways may enable both viral and nonviral cell entry. Gene Therapy (2005) 12, 225-237.
Introduction
Infection by adenovirus serotype 5 (Ad5), the common serotype used for gene therapy vectors, 1, 2 involves two viral capsid proteins: the antenna-like fiber and the penton base. The homopentameric penton base caps each vertex of the Ad icosahedron, and the homotrimeric fiber protrudes from each penton base, forming penton-fiber capsomers (see Figure 1a and b). 3 The remaining capsid shell consists of a structural protein called the hexon (see Figure 1a) .
The fiber contains three domains: the tail, shaft, and knob (see Figure 1c) . 4, 5 The tail comprises the first 17 residues from the amino (N)-terminus and noncovalently attaches the fiber to the penton base. The shaft consists of 22 structural repeats downstream from the tail. The remaining carboxy (C)-terminal segment folds into the globular knob containing receptor-binding and trimerization domains. 6, 7 Infection is initiated by high-affinity binding of the fiber knob to a cellular receptor known as coxsackievirus-Ad receptor (CAR; see Figure 1d ). 8 This interaction is followed by secondary binding of the penton base to a v integrins, triggering receptor-mediated endocytosis of the whole virus. 9 While integrin internalization after ligand binding has been exploited for cell entry by pathogens, 10 CAR apparently serves as a docking protein and tight junction component, 11 and does not internalize after fiber binding. 9 We have shown previously that a recombinant soluble Ad5 penton protein, PBK10, can assemble in vitro with plasmid DNA, forming gene delivery complexes which we called 3PO. 12 These complexes mediate gene transfer to cultured cells via integrin binding and internalization. 12 As several groups have shown that soluble fiber and penton proteins can assemble in vitro without other viral and scaffolding proteins, 3, 5, 13 we wanted to determine whether the fiber could assemble with 3PO in vitro and direct this complex to CAR. Here we not only demonstrate this but also additionally found that the fiber protein alone could mediate gene transfer in the absence of the penton. The fiber directed gene transfer to CAR, yet endocytosis of CAR was not detected. We found that HeLa cells can directly internalize the fiber protein through an unknown mechanism that appears to be temperature-independent. This uptake requires the fiber tail/shaft and an intact cytoskeleton. The marked inhibition of fiber uptake by heparin suggests that heparan sulfate glycosaminoglycans (HS-GAGs) contribute. Moreover, the fiber appears to localize to the nucleus, in contrast to the penton, which accumulates around the perinuclear envelope following its receptormediated endocytosis. The ability of Ad5 fibers to mediate cell entry as well as nuclear translocation raises the possibility that alternative pathways of Ad5 infection exist, which are independent of penton-mediated cell binding.
Results

Production and analysis of recombinant capsid proteins
Soluble Ad5 penton (PB and PBK10) and knob proteins (Knob and green fluorescent protein (GFP)-Knob) were produced in Escherichia coli, as described previously. 6, 7, 14 The constructs encoding each protein are summarized in Figure 1e and f. As the fiber protein was inexpressible in bacteria, we relied on a baculovirus protein expression system.
We cloned the Ad5 fiber gene into a baculovirus transfer plasmid encoding glutathione S-transferase (GST) just N-terminal to the fiber to enable glutathioneimmobilized affinity purification. The fusion protein, GST-wild-type fiber (GST-WTF), can be detected in infected cell lysates ( Figure 2a Figure 2c, lane 2) . This anomalous migration pattern, in which the glycosylated version is represented by the lower band of the doublet, may be attributed to the unusual shape of the fiber, along with its high thermal and detergent stability, 15 to which glycosylation likely contributes. 5, 16 Under nondenaturing conditions, the recombinant WTF molecular weight is B190 kDa, consistent with trimer formation (Figure 2d ), and interacts with the recombinant penton fusion, GST-PBK10, but not GST alone, as determined by a protein interaction ('GST-pulldown') assay (Figure 3a) .
The fiber targets 3PO to CAR 3PO complexes consist of the PBK10 recombinant penton protein, protamine, and plasmid DNA, as summarized in Figure 1g . The polylysine sequence of PBK10 (Figure 1f ) electrostatically binds DNA. 12 Protamine condenses the DNA complexes into serum-stable particles. 12, 17 We incubated WTF with 3PO, forming a complex which we named 3POF (see Figure 1g) , and tested this for luciferase reporter gene transfer to HeLa cells, which express both CAR and a v integrins. Luciferase activity from 3POF was eight-fold higher than from 3PO, suggesting that the fiber enhances gene transfer ( Figure  3b ). To determine gene delivery specificity, we tested whether soluble knob proteins competitively inhibit 3POF gene transfer. The knob can form trimers in the absence of the rest of the fiber, 6, 7, 14 and bind CAR on cultured cells.
14 Here, soluble knob protein reduces 3POF-mediated gene transfer in HeLa cells by up to 87%, suggesting that CAR binding contributes to 3POF-mediated gene delivery (Figure 3c ). The highest knob concentration is B5-fold in excess of receptor saturation, thus the residual luciferase activity may be due to penton-integrin interaction. While the slight increase in luciferase activity at the higher knob concentrations is not significant, its upward trend may reflect the previously described cooperativity required for Ad-cell binding, 18, 19 whereby occupancy of all CAR sites may facilitate secondary site binding.
The fiber alone mediates transduction of HeLa and 293 cells
In the assays just described, 3POF gene transfer was compared to 3PO. We also tested protamine+DNA (PO, see Figure 1g ) as a negative control. As shown in Figure 4a , PO produces negligible GFP reporter gene expression. As an additional negative control, we tested WTF+protamine+DNA, in other words, complexes lacking the penton. Surprisingly, this combination of reagents produced notable GFP expression (Figure 4b ). In this experiment, we combined 3 mg pEmd, 10 mg protamine, and 3 mg WTF, and named this combination FPO (see (Figure 4g ), and 1% for DNA alone (Figure 4h ). Higher protamine concentrations produced slightly lower GFP expression from FPO: 20 and 30 mg of protamine in FPO produced 3 and 5% GFP-positive cells, respectively (not shown). This compares with 0.7 and 0.6% GFP-positive cells from similar complexes lacking WTF (not shown). Thus, WTF enables five-to 10-fold higher GFP expression over respective fiberless (PO) controls. This degree of enhancement is comparable to 3POF, in which WTF enhances 3PO gene transfer B8-fold.
We wanted to understand how such complexes form, as PBK10 contains a polylysine for DNA binding, but WTF contains no such modification. To see whether WTF could bind DNA on its own, we incubated 0.5 mg of pEmd plasmid DNA with 5 mg of WTF or PBK10 at room temperature for 30 min, then tested the interaction by DNA mobility shift assay. At 5 mg of PBK10, the plasmid is completely immobilized on the gel, whereas WTF only slightly reduced DNA mobility (Figure 5a ). This weak Figure 4c . However, our results suggest that optimal gene transfer requires both WTF and protamine. Our findings may be explained by studies demonstrating that excess cationic peptide bound to plasmid DNA produce complexes with a net positive charge, 20 thus enabling additional negatively charged peptides to bind to the complexes, as illustrated by Figure 5b . Here we propose that excessive protamine, which is highly basic, bound to plasmid DNA enable the incorporation of WTF, as illustrated by Figure 5c . This model is supported by the results from the following experiment.
We titrated dilutions of WTF (0-400 ng) with constant amounts of a pGL3 luciferase reporter plasmid (0.1 mg) with or without a constant dose of protamine (0.3 mg), and tested each formulation on 293 and HeLa cells. The final concentration of DNA in these preparations was 0.003 mg/ml, in contrast to the previous assay which used 0.06 mg/ml final DNA concentration, in order to prevent nonspecific interaction that might be imposed by molecular crowding. We predicted, as illustrated in Figure 5d , that a lack of protamine would not enable the DNA to complex with the WTF. Indeed, in the absence of protamine, all of the WTF concentrations tested produced negligible luciferase activity (Figure 5f and g, open bars). The addition of protamine to DNA (without WTF) also produced negligible activity in both cell types. However, at 50 ng of WTF, luciferase activity from FPO was X35-fold over PO in HeLa cells ( Figure  5g , filled bars). Likewise, at 400 ng of WTF, FPO produced X20-fold higher activity over PO in 293 cells (Figure 5f , filled bars). Thus, in addition to DNA condensation, protamine may serve here to bind WTF to the DNA, as illustrated in Figure 5e . While protamine enables gene transfer, WTF is still required for high levels of delivery to both HeLa and 293 cells. Though different ratios of DNA:WTF:protamine are required for optimal gene transfer to each cell line, the optimal luciferase activities from FPO are nearly the same in both cell lines.
We also compared FPO transduction to Lipofection as a control in both cell lines. The luciferase activity from Lipofectin was similar to the optimal FPO transduction in HeLa cells, but nearly 6-7 Â higher than FPO in 293 cells.
Fiber-mediated transduction is inhibited by a free soluble knob
Our model shown in Figure 5e predicts that FPO mediates gene transfer by CAR binding. Blocking CAR, therefore, should competitively inhibit FPO gene transfer. To test this, we pre-bound HeLa cells with free soluble knob protein at 200-fold excess of the theoretical binding sites 9 to ensure receptor saturation. Then, free protein was washed away before treatment with FPO to ensure that the knob had no direct effect on the assembled complexes or WTF trimerization. Our results showed that the bound knob completely inhibited luciferase expression (Figure 5h ), but had no effect on cell viability (not shown). Unlike 3POF, FPO does not contain any penton protein and, therefore, may not enter cells through penton uptake. Thus, FPO may bind CAR but somehow mediate DNA uptake through an unknown mechanism.
The fiber alone enters HeLa cells
To determine whether FPO-mediated gene transfer was due to direct uptake of WTF, we utilized immunostaining and confocal microscopy to visualize HeLa cells after treatment with WTF alone. We also treated HeLa cells with PB to compare the fate of each capsid protein. We incubated either WTF or PB with HeLa cells at 41C to promote receptor binding, rinsed away unbound protein, then warmed the cells at 371C for 1 h, which enables receptor endocytosis. The cells were then immunostained and visualized by confocal microscopy. We confirmed that the antibody used for immunostaining recognized both PB and WTF proteins (Figure 6a and b, insets). We found that WTF is taken up by HeLa cells and Untreated cells exhibit no such immunofluorescence pattern (Figure 6l ). Interestingly, WTF internalization is also detected in cells treated at 41C only (Figure 6d ), suggesting that uptake does not occur by classical endocytosis but by a temperature-independent process. In contrast, PB is retained at the cell periphery at 41C (Figure 6c ), consistent with proteins that undergo classical receptor-mediated endocytosis. To confirm whether internalized WTF is located inside or just on top of the nucleus, we obtained images at 0.2 mm intervals along the Z-axis of the microscopic viewing plane, and reconstructed a third dimension image. From this image, we can confirm by viewing the side profile of the cell that WTF is located in both the cytoplasm and nucleus ( Figure 6h ). The nuclear locality of WTF is evident by the coincidence of green and blue fluorophores in both the immunostained image and in the 3D analysis of that image (Figure 6j , circled). This contrasts with the nuclear exclusion of PB, which is seen as green puncta surrounding either side of the nucleus when observed in side profile (Figure 6g ), and the absence of coincident green and blue labels in the 3D analysis ( Figure 6i ). To confirm that cell entry is specific to the WTF protein and not due to the presence of residual insect cell lysate proteins that might co-purify with WTF, we tested an irrelevant protein purified by the same methods. As WTF is originally produced as a fusion to GST, from which it is cleaved away, we purified GST alone and treated HeLa cells at a concentration equimolar to WTF (B0.45 mM) under the conditions described earlier. Cells were immunostained for GST using 1:100 anti-GST (BD Pharmingen, San Diego, CA, USA) and FITC-conjugated secondary antibody. Whereas GST is immunorecognized by Western blotting (Figure 6k, inset) , uptake of GST by HeLa cells is not detectable (Figure 6k ). 
CAR does not internalize
Taken altogether, our findings thus far led us to question whether CAR actually internalizes. To test this, we used an established assay that detects the uptake of soluble recombinant GFP-tagged ligands bound to their respective receptors. 14 We have shown previously that a GFPheregulin fusion protein (GFP-Her) binds specifically to the heregulin receptor, and that receptor-mediated endocytosis in MDA-MB-453 cells can be detected microscopically and by FACS assay after trypsin/EDTA removal of cell surface-bound proteins. We found that up to 80% of cell surface-bound GFP-Her is internalized by 30 min in MDA-MB-453 cells, which express both CAR and the heregulin receptor. We used a GFP-Knob fusion protein to delineate CAR and utilized the same assay just described to determine whether GFP-Knob is internalized. Specific receptor binding by GFP-Knob was confirmed through competitive inhibition by a 35-fold molar excess of free knob on HeLa cells (Figure 7a ), when both proteins were incubated simultaneously. Equivalent molar ratios of Knob:GFP-Knob reduced the mean fluorescence shift of HeLa cells nearly 50% (not shown), consistent with our previous findings for the competitive inhibition of GFP-Knob with the knob on 293 and MDA-MB-453 cells, 14, 22 and suggesting that the CAR binding of GFP-Knob is similar to that of the knob. However, even at up to 60 min at 371C, little to no GFP-Knob internalization is detected in either HeLa, 293, or MDA-MB-453 cells (Figure 7b) . Thus, whereas CAR contributes to receptor binding of FPO, cell entry appears to occur by an additional process.
To confirm our results, we utilized immunostaining and confocal microscopy to visualize whether the knob enters HeLa cells. We confirmed that the same antibody used for WTF immunostaining also recognized the knob (Figure 7c, inset) . We repeated the same uptake protocol used for WTF, but using 20 mg of knob protein instead. Our immunostaining shows that the knob protein is detected at cell-cell contact sites, but not internally (Figure 7c ). The sparse nature of the knob immunostaining compared with WTF coincides with the limited expression of CAR at the cell periphery. Co-staining of the HeLa cells for both knob and CAR shows that both coincide at cell-cell contact sites (Figure 7d ). Taken together, these findings not only suggest that CAR does not internalize after knob binding but also that the fiber shaft is required to trigger uptake of WTF.
Fiber uptake is inhibited by heparin and cytoskeletal disruption
To understand the mechanism of cell entry, we wanted to determine what cellular components contribute to fiber uptake. It has been reported elsewhere that Ad5 binds HS-GAGs on HeLa cells, and heparin, an HS-GAG analog, reduces infection by nearly 50%. 23 In those studies, heparin was incubated with the whole virus, thus binding to and concealing any HS-GAG-binding sites. A potential HS-GAG-binding site, KKTK, lies within the third pseudorepeat of the fiber shaft. Thus, we wanted to determine whether HS-GAGs contribute to fiber binding and/or uptake. To test protein uptake in the presence of heparin, we mixed 20 mg (0.45 mM) WTF with 0, 1 (B0.33 mM), and 10 mg/ml (B3.3 mM) heparin for 1 h before adding the mix to HeLa cells. Compared to (g and h) X-Z profiles of cells shown in (e) and (f), respectively. (i and j) 3D analysis of (g) and (h), respectively. Each axis is assigned a gradient of color corresponding to each fluorophore, and denotes intensity levels (0-255). The field plotting green (capsid protein) against blue (nucleus) intensities shows the colocalization of green and blue fluorophores (circled) in (j). n, Nucleus. Magnification bar ¼ B10 mM. (a, b, and k insets) Western blots of (a) PB, (b) WTF, or (k) GST proteins. Each lane contains B5 mg of lysate. Blots were probed with either (a and b) 1:8000 Ad5 antiserum, or (c) 1:500 anti-GST, followed by horseradish peroxidase (HRP)-conjugated anti-rabbit antibody (1:30 000 dilution), and processed for chemiluminescence following the manufacturer's protocol (ECL reagents; Amersham Pharmacia, Piscataway, NJ, USA). The numbers to the sides of the blots denote the sizes of the molecular weight marker bands.
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A Rentsendorj et al non-heparin treatment (Figure 8a ), heparin at 1 mg/ml partially reduced WTF uptake at both 4 and 371C ( Figure  8c ), while 10 mg/ml heparin nearly completely inhibited WTF uptake at both temperatures (Figure 8b and c) .
To determine the cytoskeletal requirements for uptake and trafficking, we performed WTF uptake in HeLa in the presence of cytochalasin D (Cyto D) or nocodazole (Noc), which disrupts actin filament or microtubule polymerization, respectively. Consistent with our previous results, WTF alone enters cells and localizes to the nucleus at both 41C (Figure 8d ) and 371C (Figure 8g) , with a ring of bright puncta at the nuclear periphery at 371C. An enlarged view shows that WTF appears to associate closely with actin filaments, along actin tracks just outside of the nucleus at 30 min after uptake (as indicated by arrowheads in Figure 8j-l) . At 41C, Cyto D-treated cells bear WTF 'decorated' filipodia ( Figure 8e ). Noc treatment also causes retention of WTF at the cellular periphery along fewer and less extended filipodia (Figure 8f ). These findings suggest that temperature-independent uptake requires intact actin and microtubules for cell entry. At 371C, Cyto D-treated cells 
A Rentsendorj et al retain little WTF along cell peripheries and instead contain scattered clusters of WTF throughout the cytoplasm in a disorganized pattern (Figure 8h ). Noc treatment does not affect internalization at 371C while internalized WTF surround, and appear to enter, the nucleus in an organized ring (Figure 8i ) similar to control-treated cells (Figure 8g ). These results suggest that, once inside cells, WTF relies on intact actin filaments to translocate from the cell periphery toward the nucleus.
Discussion
We have found that the Ad5 fiber alone can mediate DNA transfer to HeLa and 293 cells by a transduction pathway that is inhibited by free soluble recombinant knob protein. Microscopic evaluation of immunofluorescence associated with the recombinant fiber, WTF, revealed that this protein is rapidly taken up by HeLa cells by an apparently temperature-independent mechanism, and distributed to the cytoplasm and nucleus. This observation challenges the currently accepted role of the fiber as merely a CAR docking protein. While the fiber may influence the intracellular trafficking of Ad after integrin-mediated cell entry, 24 no studies have yet reported the active translocation of free full-length fiber protein alone across the plasma membrane because those earlier studies focused on whole Ad translocation.
We have not observed uptake of free knob protein by HeLa, 293 or MDA-MB-453 cells, suggesting that the fiber tail/shaft may facilitate cell entry. This is supported by Zhang et al, 25 who describe the rapid uptake by HeLa cells of a peptide (Peptide I) comprised of the Ad3 fiber tail appended to a polylysine. The Ad3 and Ad5 fiber tails contain putative nuclear localization and clathrin-binding motifs, and could thus contribute to trafficking after uptake. The polylysine of Peptide I, however, may facilitate nonspecific cell surface binding and engulfment, as is typical of cationic peptides. Moreover, Peptide I translocation is saturable and temperature-dependent. Thus, it is possible that additional components of the fiber shaft also contribute to fiber uptake. Whereas several studies have identified potential sites for O-linked glycosylation in the fiber shaft, 5, 16 the role of glycosylation in uptake remains to be seen, though we have identified both glycosylated and nonglycosylated forms of the fiber. As these two forms are present together in our WTF preparations, we have not separated their biological activities in these studies. However, in our ongoing follow-up studies on the mechanism of uptake, we will be discerning whether such a difference exists.
A candidate cell binding and entry motif in the fiber shaft is a KKTK sequence, which matches the consensus for binding HS-GAGs. It has already been demonstrated that Ad2 and Ad5 utilize both CAR and HS-GAGs for cell binding, and heparin, an HS-GAG analog, significantly inhibited Ad infection of HeLa cells. 23 Likewise, WTF uptake here was inhibited partially by 1 mg/ml heparin, and completely by 10 mg/ml heparin. A closer examination of the molecular determinants that enable WTF uptake, including mutations within KKTK, will entail a separate expanded study, which is currently underway. We are unable to test the effect of heparin on FPO gene transfer because heparin would disrupt the complex.
If WTF indeed binds HS-GAGs, it is likely that WTF uptake is mediated by HS-GAG endocytosis, as has been described for the uptake of protein transduction domain (PTD) proteins. 26 Taking our findings altogether, we propose that WTF binds HeLa cells through CAR while HS-GAGs interact with the shaft and mediate internalization. As suggested previously, 23 HS-GAGs may act to stabilize CAR binding by interacting with the fiber shaft, likely explaining the marked effect of heparin on WTF binding and uptake. Thus, while CAR binding is not negligible, it may be greatly enhanced by the cointeraction of WTF with HS-GAGs. Likewise, if HS-GAG interaction is inhibited, we would expect unstable binding to CAR, which could be easily displaced by free knob. Indeed, WTF is nearly absent after heparin incubation (Figure 8b) , and FPO gene transfer is nearly completely inhibited by free knob (Figure 5h ), in support of this hypothesis.
Although we have not determined the Kd of our recombinant fiber and knob proteins, the Kd of soluble Ad5 fiber for CAR as reported by Wickham et al 9 is 1.7 nM, whereas the Kd of soluble Ad5 knob for CAR as reported by Henry et al 6 is 3 nM. Our soluble knob encompasses the identical region and is produced by the same method as that described by Henry et al. 6 Likewise, our soluble fiber is identical in sequence to wild-type Ad5 fiber, and has been produced in the same insect cell line as reported by Wickham et al. 9 Based on these previous reports, fiber and knob affinities for CAR should be nearly identical. As we performed the inhibition of 3POF and FPO by pre-incubating the knob on the cells, as opposed to simultaneously incubating the knob and complexes on the cells, we are unable to determine how the known affinities of fiber and knob for CAR relate to our gene transfer findings.
FPO transduction levels apparently do not reflect CAR levels, as we have previously measured B30% less cell surface CAR on 293 compared to HeLa cells, 22 yet optimal FPO transduction levels were similar in both cell lines. On the other hand, previous studies suggest that HS-GAG levels are similar between HeLa and 293 cells. Adeno-associated virus serotype 2 (AAV2) is highly specific for, and dependent on, HS-GAG display, and infects both HeLa and 293 cell lines at nearly identical transduction efficiencies. 27 It is likely, therefore, that the similar levels of FPO transduction reflect levels of HS-GAGs on the surface of HeLa and 293 cells.
The mechanism of the temperature-independent uptake observed here is unclear. Recent reports suggest that the temperature-independent uptake and nuclear localization of PTD proteins is due to a fixation artefact, in which membrane permeabilization during the fixation procedure allows the cytoplasmic entry of endosomal PTDs and diffusion into the nucleus. 28 For several reasons, it is unlikely that the uptake of WTF is due to the same phenomenon. First, we compared the localization of WTF in comparison with PB, and observed that PB did not enter cells at 41C, nor localized to the nucleus, though the same procedure was used for both proteins, and both proteins are recognized by the same antibody. Second, we observed that PB localizes differently from WTF at both 41C and 371C. If fixation produced a general distribution to the cytoplasm, we would expect PB and WTF localization patterns to appear the same, yet they do not. Third, the knob protein, which is three times Ad5 fiber translocation A Rentsendorj et al smaller in molecular weight compared to WTF, does not internalize, as observed both by immunostaining and FACS assay of live (unfixed) cells. Finally, our FPO gene transfer experiments were performed on live (unfixed) cells and showed that control complexes lacking WTF did not enable gene transfer. In our current studies, we are investigating the pathway of WTF cell entry and are considering alternative endocytic mechanisms. It has been observed, for example, that whole Ad induces macropinocytosis concomitant with receptor-mediated endocytosis. 29 Growth factors and certain toxins also induce non-clathrin-mediated, pinocytic uptake. 30, 31 AAV particles, which utilize HS-GAGs for infection, can be found in both clathrin-coated and noncoated vesicles. 32 The fiber uptake observed here likely explains the mechanism of FPO gene transfer. The formation of gene delivery complexes with WTF, however, is less straightforward. Plasmid DNA does not strongly interact with WTF, as it does with PBK10, which contains a polylysine tail. 12 Others have shown that negatively charged amphipathic peptides can assemble with DNA complexed to excessive cationic peptides by electrostatic interaction with the basic residues. 20 This likely explains the formation of FPO as well, as the addition of protamine greatly improves gene delivery, though the fiber is still required for enhanced delivery. While the model shown in Figure 5c may not provide a completely accurate depiction of FPO particle structure, the ability of free knob to competitively inhibit FPO gene transfer suggests that, at the very least, the knob domains of WTF, when assembled into these complexes, are exposed and accessible to CAR. An alternative explanation for the mode of gene transfer, however, is that fiber interaction with CAR can indirectly stimulate cellular endocytosis of protamine/DNA complexes without any direct contact of the fiber with these complexes. The ability of Ad to induce macropinocytosis from the cell surface 29 supports the possibility that signaling could occur from cell binding, including CAR ligation, that may elicit cytoskeletal changes consistent with pinocytic vesicle formation. In our ongoing studies of the mechanism of fiber uptake, we are actively investigating this possibility.
Our findings may represent a novel path of Ad-cell entry used as an alternate route of infection, in which the penton plays little or no role. Other studies raise such a possibility. For example, hepatocytes express the fiber receptor, CAR, but not the penton receptors, a v integrins, yet are infected efficiently by Ad2. 33 Similarly, canine adenovirus type 2 (CAV-2) and Ad40/41 both efficiently bind CAR but enter cells through an RGD-independent pathway. [34] [35] [36] In our ongoing studies, we are investigating the molecular and cellular requirements for fiber uptake. These studies will not only allow us to determine the role of the fiber in Ad pathology but also enable the improvement of safer gene delivery vectors derived from minimal components of the Ad5 capsid.
Materials and methods
Materials
HeLa and 293 cells were maintained in DMEM/10% fetal bovine serum and penicillin/streptomycin at 371C in 5% CO 2 . The reporter plasmids used were pGFPemd-cmv[R] (pEmd; Packard Instrument Company, Meriden, CT, USA), and pGL3 luciferase reporter vector (Promega Corporation, Madison, WI, USA). Protamine sulfate, nocodazole, and cytochalasin D were obtained from Sigma-Aldrich Corp., St Louis, MO, USA. The Ad5 polyclonal antibody (Access BioMedical, San Diego, CA, USA), generated against the Ad5 capsid, recognizes both fiber and penton proteins, and was pre-adsorbed in HeLa lysate and used at 1:500 for immunostaining. Rhodamine phalloidin (used at 1:100 in immunostaining) and FITC-conjugated secondary antibodies (used at 1:300) were obtained from Molecular Probes, Eugene, OR, USA. Anti-GST antibody was obtained from BD Pharmingen (San Diego, CA, USA). The Anti-O-GlcNAc antibody was obtained from Affinity BioReagents (Golden, CO, USA) and used at 1 mg/ml, according to the manufacturer's recommendation: phosphate-buffered saline (PBS) -137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 1.4 mM KH 2 PO 4 ; PBS-Mg/Ca -PBS supplemented with 0.01% final CaCl 2 and MgCl 2 .
DNA constructs
Oligonucleotide primers encompassing the Ad5 fiber gene were used for polymerase chain reaction (PCR) amplification from the Ad5 vector plasmid pJM17 as described elsewhere. 12 The 5 0 -primer encodes an EK site (DDDDK) just 5 0 to the fiber coding sequence. The PCR product was inserted in-frame downstream of a GST-tag in the pAcSecG2T transfer plasmid (Pharmingen, San Diego, CA, USA), and the construct was co-transfected with linearized baculovirus genome DNA (BaculoGold; Pharmingen, San Diego, CA, USA) into Sf9 insect cells to produce recombinant baculovirus by homologous recombination.
Protein expression and purification
Recombinant protein was produced by infection of BTI-TN-5B1-4 insect cells (High Five; Invitrogen, Carlsbad, CA, USA) at 5-20 MOI. Cells and media were harvested at 3 days post-infection. Secreted protein was isolated by ammonium sulfate precipitation and dialyzed from cell media. Insect cell lysates were prepared as described by the manufacturer (Pharmingen, San Diego, CA, USA). Lysate supernatants were pooled with dialysates and incubated with a 50% slurry of equilibrated glutathione agarose beads (Sigma-Aldrich, St Louis, MO, USA) at 1/10 volume for 30 min at room temperature. Slurries were washed with 10 bead volumes of PBS and cleaved overnight at room temperature with 6 U of enterokinase (EKMax; Invitrogen, Carlsbad, CA, USA) per 100 ml initial cell culture volume. Enterokinase was removed from the flow-through volume by EK-Away resin (Invitrogen, Carlsbad, CA, USA), following the manufacturer's instructions. The remaining GST peptide was eluted from the column with 10 mM reduced glutathione (Sigma-Aldrich Corp. St Louis, MO, USA) in 50 mM Tris-HCl, pH 8.0. Proteins were desalted on YM-10 nominal molecular weight limit spin columns (Millipore, Bedford, MA, USA) and their concentrations measured using the Bio-Rad protein quantification assay (Bio-Rad Laboratories, Hercules, CA, USA). Protein sizes were confirmed by denaturing polyacrylamide gel electrophoresis performed in a discontinuous gel buffer system as described previously.
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A Rentsendorj et al Knob, GFP-Knob, and PB proteins were produced and purified from bacteria as described previously. 12, 14 For protein interaction assay, GST-PBK10 was produced from a pGEX-3X plasmid (Amersham Pharmacia, Piscataway, NJ, USA) in DH5a bacteria, according to the manufacturer's protocol. Lysates were processed according to the purification procedure for GST-WTF, except that the uncleaved protein was not removed from the glutathione agarose after purification.
Protein interaction assay
35-S labeled WTF was produced by in vitro translation (Promega Corporation, Madison, WI, USA) from pRSET-WTF following the manufacturer's instructions for a 50 ml total volume. In all, 10 ml of the in vitro translate was added to: 200 ml of NETN (0.5% NP-40, 100 mM NaCl, 1 mM EDTA, 20 mM Tris-HCl, pH 8.0), 0.5 ml ethidium bromide, and 40 ml of glutathione beads (50% slurry) containing bound (1) GST-PBK10 or (2) GST alone. Mixes were incubated at 41C with agitation for 1 h, then washed three times with 1 ml NETN to remove nonspecifically bound protein. After the final wash, beads were resuspended in 1:1 water/SDS-PAGE sample buffer, boiled 5 min, and resolved by SDS-PAGE.
Gene transfer
For 3POF gene transfer, we plated 1 Â 10 4 HeLa/well in a 96-well dish and grew the cells overnight. 3POF complexes were formed by mixing 1 mg pGL3, 1 mg PBK10, 3 mg protamine sulfate, and 0.4 mg WTF. 3PO complexes were formed as above, but by omitting the WTF. PO complexes lacked both PBK10 and WTF. After 30 min at room temperature, the complexes were applied to a 30 K molecular weight cutoff (mwco) ultrafiltration column and spun at 3000 r.p.m. at room temperature, following the manufacturer's instructions for buffer exchange. Retentates were resuspended in 200 ml buffer A (DMEM; 2 mM MgCl 2 ; 20 mM HEPES, pH 7.55) and 50 ml of each mix was added to triplicate wells of aspirated cells. Plates were incubated at 371C for 4 h, then supplemented with 50 ml/well of complete medium.
For competitive inhibition of 3POF gene transfer, 3POF complexes were formed by mixing 0.1 mg pEmd, 0.01 mg PBK10, 0.1 mg PS, and 0.01 ng WTF in 30 ml volumes of Buffer A. The knob was pre-incubated on triplicate wells of B2 Â 10 4 HeLa/well in a 96-well dish in 30 ml/well volumes of buffer A at the following concentrations: 3.4, 34, and 340 pg. After 1 h, the wells were aspirated and complexes were added. The plates were incubated for 4 h at 371C, then supplemented with 70 ml/well of complete medium.
To test FPO gene transfer with different concentrations of protamine sulfate, 293 cells were plated on a 48-well dish and grown to B50-70% confluency. At the time of treatment, we mixed: 3 mg pEmd, 3 mg WTF, 10, 20 or 30 mg PS in 50 ml volumes of buffer A. After incubation at room temperature for 30 min, mixes were supplemented with 50 ml more of buffer A and added to separate aspirated wells. After a 4 h incubation at 371C, complete medium was added to the wells.
To test FPO gene transfer with different concentrations of WTF, we plated 293 and HeLa cells in 96-well dishes at 1 Â 10 4 /well. We mixed: 0.1 mg pGL3; 0.3 mg PS; 0-400 ng WTF in 30 ml volumes of Buffer A. After a 30 min incubation at room temperature, the mixes were added to aspirated wells and plates were incubated at 371C for 4 h, then supplemented with 50 ml/well of complete medium.
For competitive inhibition of FPO gene transfer, we plated HeLa in 96-well dishes at 1 Â 10 4 /well and grew the cells overnight. FPO complexes were prepared by mixing: 0.1 mg pGL3, 50 ng WTF, 0.3 mg PS in 30 ml volumes of buffer A. PO complexes were prepared as above, but WTF was omitted. The knob protein was preincubated on the cells for 1 h at 16.3 ng in 30 ml/well of buffer A. Cells were then aspirated and mixes added to triplicate wells. Plates were incubated at 371C for 4 h, then wells supplemented with 50 ml/well of complete medium.
FACS
GFP was quantified by a Becton Dickinson FAC-Scant analyzer (Becton Dickinson, Franklin Lakes, NJ, USA) using a 15 mW air-cooled argon laser set at 488 nm and recorded with a 530 nm emission filter in the FL1 emission channel.
Luciferase assay
Cells were plated in 96-well dishes at 1 Â 10 4 /well and grown overnight prior to treatment, with titrations of complexes each containing 0.1 mg pGL3/well. Luciferase activity was determined using the Steady-Glo luciferase assay system (Promega Corporation, Madison, WI, USA) following the manufacturer's instructions. Wells were read directly at 5 s/well using an MLX microtiter plate luminometer (Dynex Technologies, Chantilly, VA, USA), using the Glow Endpoint assay type set on autogain. Protein concentrations were determined from aliquots of lysed samples using the BioRad protein quantification assay (Bio-Rad Laboratories, Hercules, CA, USA).
DNA mobility shift assay
A GFP plasmid (0.5 mg) was incubated with 5, 10, or 20 mg of WTF or PBK10 in 20 ml total volumes. Mixes were incubated at room temperature for 30 min, then added to a 0.8% agarose gel and electrophoresed at 50 V for 1 h. After electrophoresis, the gel was stained with ethidium bromide to visualize the DNA bands.
Receptor-binding assay
As described elsewhere, 14 cells grown to 75% confluency were lifted with PBS/2 mM EDTA, centrifuged, and washed four times with PBS-Mg/Ca. The cells were added to 50 ml final volume of PBS containing 1 mM GFPtagged protein (GFP-Knob or GFP-Her, where indicated) and 3% milk to reduce nonspecific binding, at 10 5 cells/ reaction. After a 1 h incubation on ice to promote receptor binding, cells were centrifuged, washed four times to remove free protein, resuspended in 50 ml of buffer A, and incubated at 371C at the indicated time points to promote endocytosis. At each time point, a separate reaction was collected by spinning and resuspended in 0.1 ml of 2 mg/ml trypsin, 2 mM EDTA at 371C for 1 min to remove cell surface-bound proteins. Trypsinized cells were centrifuged, washed four times with PBS, then resuspended in 0.5 ml PBS and measured by FACS scan.
For competitive inhibition of GFP-Knob on HeLa, cells were grown and suspended under the conditions Ad5 fiber translocation A Rentsendorj et al described earlier in 1.3 mM GFP-Knob+45.6 mM Knob. After a 1 h incubation on ice to promote receptor binding, cells were centrifuged, washed four times to remove free protein, centrifuged again, then resuspended in 0.5 ml PBS and measured by FACS scan.
Protein uptake assay
HeLa cells were plated at 2 Â 10 5 /well on coverslips in six-well dishes and grown for 2 days, then treated according to the following procedures.
For capsid protein immunostaining, cells were precooled on ice, incubated with 20 mg of either WTF, PB, or Knob for 1-2 h at 41C in Buffer A, then warmed to 371C for 1 h. Cells were then washed four times in PBS-Mg/ Ca, and processed for immunofluorescence. Cells that were not warmed to 371C remained at 41C until the time of fixation, and then were fixed on ice, to prevent any temperature-dependent uptake.
To test protein uptake in the presence of cytoskeletontargeted drugs, cells were treated with: (a) 1 mM final cytochalasin D for 15 min at 371C; or (b) 33 mM final nocodazole for 1 h at 371C. Then, we added 20 mg WTF per well in 0.7 ml Buffer A+3% BSA, and incubated the cells at 41C for 2 h. Cells were warmed to 371C for 45 min, then washed four times with PBS and processed for immunofluorescence.
To test the effect of heparin on protein uptake, we mixed 20 mg WTF and 7 mg heparin in 0.7 ml DMEM/ 0.1% BSA and incubated the mix for 1 h at 371C. Mixes were incubated on aspirated cells for 2 h at 41C. Cells were transferred to 371C and incubated for 45 min. Cells were washed four times with PBS and processed for immunofluorescence.
Immunofluorescence
All treated cells were fixed for 15 min in 4% paraformaldehyde/PBS, quenched for 5 min in 50 mM NH 4 Cl/PBS, and permeabilized for 5 min in 0.1%. Triton X-100/PBS at room temperature. Cells were incubated for 30 min in blocking buffer (1% BSA/PBS), then incubated for 1 h with primary antibodies in blocking buffer at room temperature. After washing in PBS, cells were incubated in the presence of FITC-conjugated secondary antibodies and rhodamine-labeled phalloidin for 30 min at 371C. Preparations were then washed in PBS, mounted in ProLong Anti-Fade medium (Molecular Probes, Eugene, OR, USA), and analyzed by confocal fluorescence microscopy.
Microscopy
An Olympus IMT-2 inverted microscope fitted with an FITC filter was used to visualize GFP-positive cells.
Confocal micrographs were obtained using either a Nikon PCM Confocal System equipped with argon ion and green He-Ne lasers attached to a Nikon TE300 Quantum inverted microscope, or a Leica confocal microscope TCS SP2 with AOBS equipped with a 405 nm violet diode UV laser, 488 nm argon laser, and 543 (green), 594 (orange), and 633 (red) nm He-Ne lasers, and using a HCX PL APO Â 63 1.4 NA oil objective (Leica Microsystems Heidelberg, Mannheim, Germany).
Images were compiled and analyzed in Adobe Photoshop (Adobe Systems Inc, Mountain View, CA, USA).
